ABSTRAKT Tradičně se lidská ruka studuje prostřednictvím měření a srovnávání jednotlivých segmentů (prstů, článků prstů, záprstních kostí) bez zohlednění jejich vzájemných prostorových souvislostí. Cílem této studie je výzkum vnitro-populační variability formy lidské ruky jako celku v oblasti tříčlánkových prstů se zvláštním zaměřením na sexuální dimorfismus a vztah mezi velikostí a tvarem ruky. Pravé ruce 99 žen a 70 mužů, převážně vysokoškolských studentů, byly ve standardizované poloze z palmární strany zaznamenány běžným stolním skenerem. Na každém dvourozměrném snímku bylo umístěno 16 význačných bodů a byla studována variabilita mezi těmito konfiguracemi prostřednic-tvím metod geometrické morfometrie. Pro lepší pochopení vnitřních vzorců variability tvaru byl tvarový prostor rozložen na afinní a neafinní podprostor, které byly dále analyzovány samostatně. Převážná část celkové variability byla spojena s afinními tvarovými rozdíly, které jsou identické v celé studované oblasti ruky. Jejich větší část představovala střižnou změnu v proximodistálním směru, menší část pak napínání odpovídající změnám v šířce ruky. Toto napínání také silně korelovalo s velikostí ruky. Mezipohlavní rozdíly představovala afinní změna, ve které byla proximodistální střižná změna neoddělitelně spojena se změnami v relativní šířce ruky. Lokální neafinní pohlavní rozdíly byly zaznamenány v určitých článcích prstů a mohou souviset s rozdíly v poměrech délek prstů. Domníváme se, že oddělení globálních a lokálních sexuálně dimorfních znaků ruky může pomoci blíže ozřejmit původ/počátek jejich dimorfismu v rané ontogenezi -čím lokálnější znak, tím později se v ontogenezi zakládá. Dimorfní znaky lokální a globální by proto mohly být ovlivněny odlišnými ontogenetickými faktory. KLÍČOVÁ SLOVA Lidská ruka; tvar; variabilita formy; sexuální dimorfi smus; proximodistální střižná variabilita ruky ABSTRACT Traditionally, the human hand has been analyzed by measuring and comparing individual segments (fingers, phalanges, metacarpals) without considering their mutual spatial relationships. The present study aimed to analyze intra-population variability of the human hand form in the region of fingers as whole with special focus given to sexual dimorphism and the association between shape and size. Right hands of 99 females and 70 males, mostly college students, were scanned with a document scanner in standardized position from the palmar side. For each image 2-D coordinates of 16 landmarks were recorded and variability between configurations of landmarks were studied using geometric morphometrics. To understand patterns of variability, shape spaces were decomposed into affine and non-affine subspaces and further studied separately. The prevalence of the total variability was associated with affine shape change identical for the whole studied region of the hand. Its major portion was represented by shearing in proximodistal direction and to a lesser extent by straining in the relative hand width. The strain also strongly correlated with size of the hand. Intersexual differences were represented by affine change in which the proximodistal shearing was inextricably tied with the differences in relative hand width. Local non-affine sex differences were found in specific phalanges and might be associated with differences in finger length ratios. We presume that separating global and local sexually dimorphic features of the hand might shed light on the origin/onset of the dimorphism during early ontogeny -the more local the feature, the later differentiated, and thus influenced by different ontogenetic factors than global features.
Variability in hand form (size and shape) within modern Homo sapiens are relatively subtle in comparison, for instance, between hands of humans and great apes, but could still have significance in terms of strength, dexterity, and skills in some contexts. For instance, certain professions, sports, and physical occupations benefit from hands with particular characteristics (Napier 1993, p. 24; Fallahi -Jadidian 2011) . Upon comparing the results of previously published studies it is evident, that the size and shape aspects of the hand vary both between and within human populations. Apart from the theoretical importance in human biology and paleoanthropology (e.g. Tocheri et al. 2008; Rolian et al. 2010) , the practical use of knowledge of variability of the human hand can be found in the working/ergonomic (e.g. Bolstad et al. 2001; Nag et al. 2003; Balakrishnan -Yeow 2008) , sporting (e.g. Barut et al. 2008) , clinical (e.g. Boz et al. 2004 ; for review of clinical application of metacarpophalangeal pattern profile analysis, abbreviated as MCPP analysis, see Poznanski -Gartman 1997) , forensic (reviewed in Kanchan -Krishan 2011) , biometric (e.g. Yörük et al. 2006) , palaeoanthropological (e.g. Snow 2006 ; Nelson et al. 2006 ) and other fields. The form of the hand is usually assessed by anthropometry. An overview of the methodology for measuring the hand was published by Bayer and Gray (1933) . Since then, however, hand anthropometry has developed both in methods and applications. Dimensions measured on the skin surface of living individuals, on hand bones (e.g. Poznanski et al. 1972; Lewis 2001 ) and on records of both (contours, photographs, 2D-scans, radiographs, virtual 3D models) express the size of the hand and its parts. Various combinations of size measurements are used to express a wide range of shape features of the hand. Among the most important hand features are hand length and hand width (Bayer -Gray 1933) , their proportion -hand index (e.g. Jelínek 1950; Pospíšil 1959; Procházková et al. 1994; Agnihotri et al. 2006) , MCPP analysis Garn et al. 1972) , digital formulae (e.g. Drobný 1959; Lewis 1996 ; reviewed in Peters et al. 2002) , and finger-length ratios (e.g. Snihur -Hampson 2011) , particularly the ratio between the length of the 2 nd and 4 th finger or the 2D:4D ratio (reviewed in Manning 2002; McIntyre 2006 ). In addition to individual level, the hand form exhibits sexual dimorphism, although there are substantial differences in its extent both among the features and among human populations. For instance, in adults average sexual dimorphism (mean difference between males and females) in the length of the hand reaches lower values, most frequently between 5 and 10 %, while in the width of hand it is most often between 10 and 15 % (Pospíšil 1959; Bláha et al. 1986; Imrhan et al. 1993; Kulaksiz -Gözil 2002; Imrhan -Contreras 2005; Agnihotri et al. 2006; Klamklay et al. 2008; Mandahawi et al. 2008; Imrhan et al. 2009 ). According to sources available to us, effect sizes (standardized mean differences equivalent to Cohen d) for sexual dimorphism in adults ranges mostly from 1.0 to 2.5 (in 15 out of 20 published samples, median IntroductIon is 1.6; largest d value was 3.46 -derived from Klamklay et al. 2008 -males: mean 191 .1 mm, SD 7.16 mm, females: mean 166.1 mm, SD 7.3 mm in college student from lower southern Thailand) for right hand length and mostly from 0.34 to 3.33 (in 8 out of 12 published samples, median is 2.23, largest d value was 3.33 -derived from Chuan et al. 2010 -males: mean 9 cm, SD 0.58 cm, females: mean 7 cm, SD 0.6 cm in Singaporean citizen) for right hand width. This suggests that different dimensions of the hand vary between sexes in different degrees, which implies differences in the proportions and thus in the shape of the hand. Many studies have reported systematic differences in the hand index between the sexes; on average, males have always had relatively wider hands than females (Jelínek 1950; Pospíšil 1959; Procházková et al. 1994; Kulaksiz -Gözil 2002) . Hand index, however, also differs between populations, although it seems that the average interpopulation differences are not as large as the variability within populations. The most recent study of hand proportions in Turkish population (Barut et al. 2014 ) confirmed significant differences between males and females in several hand ratios (hand index, third digit length/hand length, palmar length/ palmar width) even after controlling for Body Mass Index. Most studies of the 2D:4D ratio recorded differences between males and females, with females on average having a higher 2D:4D ratio than males (reviewed in Peters et al. 2002) . These differences have been attributed to the (putative) action of prenatal androgens in males (Manning et al. 2000 (Manning et al. , 2007 , however, empirical evidence for a direct causal link between prenatal androgens and the 2D:4D ratio in humans is still controversial (cf. Lutschmaya et al. 2004; Hickey et al. 2010; Ventura et al. 2013 ). Zheng and Cohn (2011) showed in their interventional experimental study in mice paws that activity of receptors for androgens is higher in the 4 th than the 2 nd finger. Since males produce higher levels of prenatal testosterone they have relatively longer 4 th finger and hence lower 2D:4D ratio than females. Similar (homologous) mechanism could also work in humans. However, within-population sexual dimorphism of this feature is rather low, especially compared to variability among individuals of the same sex and to the average differences between populations. This implies that uncontrolled population/ethnic composition of compared male and female subsamples within a population sample might have a major (and unpredictable) effect on the recorded sexual dimorphism, especially in samples derived from large modern urban populations. The pattern of finger-lengths combined with the pattern of the distal extent of metacarpals (given mainly, but not completely, by their lengths) create a base for the pattern of relative positions of tips of individual fingers in the proximodistal direction, also called distal finger extent pattern or digital formula (assessed as a categorical variable). Most populations are generally dominated by the radial form (with the tip of the 2 nd finger projected more distally than the tip of the 4 th finger), but in varying frequencies. In most published samples, the radial form was more common in females than in males, i.e. in females, the index finger projects more distally than M. Králík, S. Katina, P. Urbanová the ring finger at a greater frequency than in males (Crhák 1957; Drobný 1959; Pospíšil 1959; Lewis 1996; Robertson et al. 2008) . In ulnar form, the distribution in sexes is the opposite. Although the direction of this trend is the same in most studied human populations, the differences between them in terms of frequencies of the digital formulae are significant (Peters et al. 2002, for review) . One of the most comprehensive approaches to investigating hand variability is MCPP analysis, in which lengths of all metacarpals and phalanges are measured on posteroanterior (dorso-palmar) hand radiographs . Applications of MCPP analysis to study normal variability have suggested a relatively complex linkage among individual components of the hand bones. For instance, when a sample of a North-American population and that of a Welsh population (Lewis 2001 ) was compared, then males and females of the Welsh sample generally had shorter hand bones than those of the reference sample (Lewis 2001). Intersexual differences in the Welsh sample were smaller than in the reference sample. Differences between these two samples in the lengths of metacarpals and distal phalanges were similar for both sexes, but differed in each ray (finger). In contrast, differences between the two samples in the lengths of the proximal and middle phalanges were similar in all rays (fingers), but differed between the sexes; in these rows Welsh men had shorter bones compared to the male reference sample than females to the female reference sample (Lewis 2001) . Despite the abundance of approaches and results, the patterns of inter-and intra-population variability of the human hand form, the factors or biological reasons that determine these patterns, the mechanisms of action of these factors during development and growth, and the functional implications of these variability have still not been adequately addressed. One of the reasons could be the fact that various aspects of the hand form have been studied in isolation, i.e. patterns between length, width aspects and relative proximodistal position is disregarded. Moreover, the hand has been systematically studied apart from the rest of the body (for some exceptions see Saino et al. 2006; Kratochvíl -Flegr 2009) . The scarce evidence suggests that hand shape respects some general properties of the body constitution, which can be further ascribed to a thermally adapted morphology as predicted by Allen's ecogeographic rule (Lazenby -Smashnuk 1999) or corresponds to Kretschmer's somatotypes (Kühnel 1932) . Kratochvíl and Flegr (2009) studied the dependence of the 2D:4D ratio on the original lengths of the fingers in three Czech samples and found an allometric relationship-with increasing length of the fingers (the 4 th finger) 2D:4D ratio decreased. They hold that sex differences in the 2D:4D ratio are largely caused by the fact that males are on average larger (have longer fingers) than females. Based on these findings it can be supposed, that body constitution and size dependence might explain part of the diversity in hand shape between human populations, and even part of the inter-individual variability within populations, and possibly sexual dimorphism.
Our intention was to develop and directly apply new methodology based on geometric morphometrics (review in Bookstein 1991; Dryden and Mardia 1999) which would allow studying hand form as a whole while decomposing it into various features in a single analysis. The aim of this study was to explore intra-population shape variability of distal part of the human hand in the region of fingers, with a special focus on the nature of intersexual differences and the extent to which the size variability of the hand contribute to the sexual dimorphism in its shape.
Goals subjects
Subjects in the original sample (100 females and 75 males) were recruited predominantly from a population of college students in the cities of Brno and Ostrava (Czech Republic). All subjects were informed about anonymity of the research and notified about its purpose and conduct in detail. All subjects participated voluntarily. After excluding low-quality scans (see below), 169 subjects remained (99 females and 70 males). All were healthy individuals without apparent pathologies of the hand. The age in females ranged between 18 to 39 years (average = 23.9; SD = 3.57) and 17 to 31 years in males (average = 23.5 years; SD = 3.31). The difference in age between males and females was not statistically significant (Permutation two-sample t-test, with 999 replications, p-value = 0.715).
Methods

Hand scanning
In order to record two-dimensional morphology of the human hand in palmar view, we employed a readily available commercial device-a flat document scanner Canon CanoScan 4200. To reduce the influence of motion in joints, the hand was recorded in standardised position of fingers and wrist. The position and direction of movement of the scanner lamp were also standardized (see Technical note below). Subjects sitting in front of the scanner were asked to put the palm of their right hand on the central part of the scanner desk. By doing so, fingers rested in adduction and the thumb was partially extended ("radial abduction") in the same plane on the glass. The longitudinal axis of the hand and the forearm were oriented parallel to the longitudinal axis of the scanner. Scanning was performed without the hand being covered by the top of the scanner. In a working environment with standard quality of diffuse daylight this technique permits the capture of a sufficient contrast between the edges of the hand and a dark background. The scanning lamp moved along the hand axis from fingertips to wrist, which means in proximal direction with respect to the scanned hand.
MaterIals and Methods
Hands were recorded as digital images (TIFF format, 24 colours, 150 dpi, 100 % size). In each individual, the right hand was scanned. Finally, six subjects (5 male and 1 female) were excluded from the sample, because they did not have their fingers perfectly together (in adduction) on the images. Before the next step, digital images were cropped selecting the appropriate area (Fig. 1) . (Technical note: The standardization of hand position to the direction in which the light beam moves is fundamental because three-dimensional objects registered by a flat document scanner with a variable orientation to the lamp movement provide differing images. Distances between points along the direction of motion of the lamp are still recorded in the same way regardless of the distance between the points and the desk of the scanner. In contrast, distances which are parallel to the desk and perpendicular to the direction of the lamp motion decrease considerably, but variably in different scanners, with the height of the points (object) above the scanner desk. It is therefore appropriate that the measured points or landmarks are located closest to the scanner, preferably directly on the glass, and the position of the hand toward movement of the lamp should be standardized. It is possible that similar differences also apply to photocopiers. This effect might be a source of recording errors in studies of 2D:4D ratio where the ratio was measured on photocopies and the position of the hand were not standardized.)
Data collection
While scanning, it was difficult to standardize the position of the thumb. At the same time, we did not find suitable landmarks on the palm. For these reasons, we limited the scope of the studied region to fingers region. A set of 16 points (landmarks) was acquired for each digital image (Fig. 1) . Landmarks 1-4 are located at points wherein an imaginary axis of the distal phalanx of a given finger crosses the finger's distal outline. Landmarks 5-8 lie within the mediodistal flexion crease of a given finger in the centre of the radioulnar width. If the flexion crease is not present as a thin line but forms a flexion zone spread proximodistally then the point is located at its proximal border. Landmarks 9-12 are located at proximal borders of flexion creases (zones) between proximal and middle phalanges in the centre of the radioulnar width of the crease. Landmarks 13-16 are defined as points placed at proximal borders of corresponding metacarpophalangeal flexion creases in the centre of the radioulnar width. For each point, x and y Cartesian coordinates were recorded using tpsDig 1.40 software (Rohlf 2004 ).
statistical analysis of data
Shape standardization
Statistical shape analysis of 16 landmarks was performed with R software (R Development Core Team 2011) in a two-dimensional plane. From the viewpoint of geometric morphometrics, coordinates of an object constitute a (so called) configuration space (Fig. 1a) . Landmark coordinates were transformed to Procrustes shape coordinates (PSC) using generalized Procrustes analysis (Dryden -Mardia 1999) . This results in PSC, which were finally averaged across the pooled sample (Fig. 1b) . These shape coordinates belong into shape space. Additionally, they were augmented by natural logarithm of centroid size (ln(CS); abbreviated as log CS; Mitteroecker et al. 2004 ) and belong into the form space (size-and-shape space).
Mean sex differences
Mean male and female shapes were visualized by means of thin-plate splines (TPS) grids and the differences were magnified by 4, 8, and 12 in both directions, female-to-male and male-to-female; i.e. TPS grids were k-fold magnified (extrapolated), k = 4, 8, and 12; to ease the visualisation and interpretation. This visualisation was performed the same way in shape space and size-adjusted shape space (see next paragraphs for details). (Bookstein 1991) . Using methods of form-space PCA of centered PSC and log CS, variability was decomposed into orthogonal components and, subsequently, these components of size-andshape variability were examined. In other words, interpretation of the PCs follows that of Mitteroecker et al. (2004) and Katina (2007) , where the effects of each PC can be visualized (i.e. back-projected into the configuration space). Usually, the PC1 reflects the shape changes associated with log CS (allometry-linear or linearised characterization of the dependence of shape on size, here size is represented by log CS). The association of PC1 with CS was calculated by Pearson product-moment correlation coefficient of PC1 scores and log CS. Residuals of form space PC1 model in the form of centered PSC (equivalent to the residuals of multivariate linear regression model of centered PSC on log CS), were then calculated to analyse size-adjusted (non-allometric) shape variability by size-adjusted PCA, where the variability was decomposed into orthogonal components and, subsequently, these components of shape variability were examined.
Linear discriminat analysis
To explore the nature of the differences between males and females, a linear discriminant analysis (LDA) of centered PSC in shape space, form space, and size-adjusted shape space was used.
Affine and non-affine subspaces
The shape space, form space, and size-adjusted shape space were decomposed to affine and non-affine subspaces. In other words, PSC were decomposed to affine and non-affine components (Rohlf -Bookstein 2003) and evaluated by PCA, LDA, TPS grids, and percentages (proportions) of decomposed parts. The affine subspace was calculated as an orthogonal subspace of pure bending, which is equivalent to the residuals of a multivariate linear regression model of centered PSC on Procrustes mean shape. The affine component is a subspace of no bending, the non-affine component is a subspace of pure bending, where bending can be understood locally (i.e. local bending, bending on small scale) and globally (i.e. global bending, bending on large scale (Katina 2012) ). In total, we used nine PCAs and nine LDAs models in: 1) shape space, 2) affine subspace of the shape space, 3) non-affine subspace of the shape space, 4) form space, 5) affine subspace of the form space, 6) non-affine subspace of the form space, 7) size-adjusted shape space, 8) affine subspace of size-adjusted shape space, 9) non-affine subspace of the size-adjusted shape space. Only those with biologically plausible interpretation were used in results and discussion. In all PCA models (for our data), the first two PCs covered sufficient amount of variability. In all LDA models (for our data), the first linear discriminant (LD) covered 100 % of variability.
Visualization of shape differences
The shapes estimated as the Procrustes mean shape plus PC, resp. LD, loadings of all types of PCA, resp. LDA (target), were visualized as TPS grids where the Procrustes mean shape was used as the source. The differences between the two were magnified k times in the range of particular PC, resp. LD scores, in both directions of the particular PC (k specified in the figure captions means k-fold TPS grid extrapolation to ease the visualisation and interpretation). Additionally, male and female PC1 and PC2 scores were superimposed with 95% empirical tolerance ellipses comprising 95% of PC1 and PC2 scores variability separately for both sexes (based on bivariate normality assumption). For both sexes, linear regression line of regression of PC2 on PC1 scores was visualised as well (to ease the interpretation). Note: In the whole sample, the PC1 and PC2 are orthogonal and the regression line is identical with x-axis and it is unreasonable to calculate it. But separately for females and males, we may expect different biological signal in the relationship of PC1 and PC2 for each sex.
Treating rows separately
The set of 16 landmarks was divided row-by-row to four subsets (row 4: landmarks 1-4, row 3: landmarks 5-8, row 3: landmarks 9-12, and row 1: landmarks 13-16). Since the hand forms by distal outgrowth in rows during early development, it was important to see row-related shape components and their relationship to the overall shape as well as the row interrelations. Therefore, mutual multivariate association between centered PSC of these subsets was explored by two-block partial least squares (PLS) of cross-block covariance matrix. This association was measured by Pearson product-moment correlation coefficient of singular warp (SW) scores of two blocks together with 95% empirical confidence intervals (CI).
Visualization of rows associations
The shapes estimated as the Procrustes mean shape plus SW loadings of a particular block (targets) were visualized in TPS grids where the Procrustes mean shape was used as the source. The differences between the two where magnified k times in the range of particular SW1 and SW2 scores. The TPS grids should be understood as a mutual shape change of the first block directly related to the shape change of the second block (Rohlf -Corti 2000) .
Statistical tests
The following permutation tests were performed (significance level α=0.05; 999 replications):
1. Goodall F-test of mean shape differences and size-adjusted mean shape differences between sexes (represented by mean Procrustes distance difference). 2. Test of log CS difference between females and males. 3. Test of Pearson product-moment correlation coefficient measuring an association between log CS and all three types of form space PC1 scores. 4. Paired t-test of difference in proportion of variances explained by non-affine component between each pair of rows and for each direction (x and y) and for both directions combined. 5. Test of multivariate association between two blocks in twoblock PLS represented by Pearson product-moment correlation coefficient of SW scores of the two blocks.
reliability
Five hands, each scanned 5 times, were copied 5 times and this set was randomized separately for each of the five observers, n=5×5×5×5=625 repeated observations per landmark in total. Reliability of all 16 landmarks was evaluated for both x-and y-coordinates separately (as x-and y-coordinate variances) and also simultaneously as total variance (trace of covariance matrix of particular landmark). This setting reflects scan-related, intra-and inter-observer error calculated from mixed-effect linear regression model with mean landmark position as fixed effect; scan (1 to 5), individual hand (1 to 5), observer (1 to 5), and order of repeated measurement (1 to 5) as random effects. Finally, these three types of error were calculated in mm (absolute scale) and also scaled by total sample variance of each landmark (relative scale in %; calculated from whole original sample of 169 subjects). The values obtained (Table 1) show that the error explains up to 6 % of the total variance, in absolute terms, a maximum of 1.53 mm, which we considered acceptable. In the direction of the x-axis (see Fig. 1a ), i.e. in radioulnar direction or along the edges and along the flexion creases, the percentage error of measurement (such as inter intra-observer) was about one-third higher than in the y-direction. Scanning error was comparable to the measurement error, but did not differ significantly between x-and y-directions. (Note: It should be noted that we did not test the reliability between different scanners.) Tab. 1. Results of reliability study in absolute values (in mm) and relative values (in % of the total sample variance)-mean values for both x-and y-coordinates across 16 landmarks.
Sex differences in size
A comparison of log CS shows (Fig. 2 ) that females embody a smaller distal region of the hand than males (p-value < 0.00001).
Procrustes shape coordinates PSC of 16 landmarks applied to describe shape variability and Procrustes mean shape are displayed in Figure 1b ,c. Since more females than males (99:70) entered into the analysis, the average shape did not represent a shape exactly halfway (midpoint) between the sexes. There were differences between landmarks in deviation of cases around means. In general, landmarks of the 2 nd and 5 th finger had larger deviation than those in the 3 rd and 4 th finger. The same was true for the distal row of landmarks (landmarks 1 to 4) in comparison to the landmarks in the remaining rows. There were also differences in orientation of the clouds of points. The largest deviation was recorded in landmark 4. Shape variability of the distal part of hand can be decomposed to affine and non-affine subspace. The affine component, represented by an estimated shape of multivariate linear regression model of centered PSC on Procrustes mean shape, ex- press the majority (99.97 %) of shape variance. The non-affine component, represented by the residuals of a multivariate linear regression model of centered PSC on Procrustes mean shape, express the rest of shape variability.
Sex differences in shape
Sexual dimorphism expressed in terms of mean male-to-female deformation and mean female-to-male deformation is accompanied by the TPS grids in Figure 3 (first and second column). Shape differences between mean male and mean female hand shape manifested themselves as statistically highly significant (Goodall F-test, p-value < 0.00001). A major amount of intersexual differences in shape was observed in hand width relative to hand length. The female hand was narrower, particularly in the distal ulnar region of the hand. At the same time, there was a sex-related variability in pattern of proximodistal position of the bases of fingers (landmarks 13 to 16). Bases of the 4 th and 5 th finger were positioned more proximally in females, which was, by definition, given by the differences in the row of metacarpophalangeal creases. The same can be stated for the pattern of proximodistal position of fingertips where the difference was even more pronounced.
The male hand, in turn, was relatively wider and was attributed to the evenly distributed proximodistal position of the finger bases (landmarks 13 to 16). Similarly, the distal extent of fingertips (landmarks 1 to 4) is aligned evenly. In total, the studied region of the male hand appeared to be more symmetrical about an axis passing through the interdigital space between the 3 rd and the 4 th finger. In females, the largest local variability was found in the slope of distal phalanges of the 4 th and 5 th finger towards the radial half of the hand. As apparent from the large magnification of intersexual shape variability (Fig. 3 , second line of grids), in male the length of the distal phalanges represented a larger portion of total length of fingers than in females. Equally, the size-adjusted mean intersexual shape difference was statistically significant (Goodall F-test, p-value < 0.00001; Fig. 3 , third and fourth column). While essential aspects of sexual dimorphism in the shape of the human hand described above applied also to the size-adjusted mean intersexual shape difference, the in/consistencies in proximodistal position of the finger bases and the radial slope of the distal phalanges were less evident than in the shape space, suggesting that these shape variability related partly to the size aspects Fig. 3 . TPS grids (magnified 4, 8, and 12 times) of mean male-to-female deformation (first and third column) and female-to-male deformation (second and fourth column) in shape space (first and second column) and size-adjusted shape space (third and fourth column). The 12 times-magnification of mean male--to-female deformation is not visualized because of an excessive deformation of the grid, called singularity (crease), at a given magnification. of the hand. Difference can be found also in the location of the most proximodistal shape compression in males (highest density of the grid). While in the shape space (Fig. 3, second  column) , the compression was located in the proximal phalanx of the 2 nd finger, proximal and middle phalanges of the 3 rd and 4 th finger and middle phalanx of the 5 th finger; after size adjustment (Fig. 3, fourth column) the maximum proximodistal compression relocated completely into the middle row of the phalanges. After size adjustment, sex differences in the relative width of the distal row of phalanges were lower. In the size-adjusted shape space, variability in the proportion of distal phalanges to the total finger length contributed to sex differences to a higher extent than in the shape space. Finally, in males 2 nd and 5 th fingers more converged more distally (possessed less parallel direction) in the size-adjusted shape space than in the shape space. In general, it appeared that the overall shape dimorphism after the size adjustment changed little, while the local sex-related differences changed to a larger extent.
Shape space variability
In contrast to the above-described direct assessment of differences between mean male and mean female shape, PCA allowed an analysis of major directions of variability in the sample. PCA performed on aligned coordinates of shape space (Fig. 4 , first scatter-plot, upper row of grids) revealed that 44.36 % of the total variance (PC1) corresponded to a global change in the radioulnar asymmetry, accompanied by a change in the distal extent pattern of the finger bases (landmarks 13 to 16) and fingertips (landmarks 1 to 4). The only more local variability was observable in the region of the proximal and medial phalanges of the 5 th finger. The PC2 accounting for 19.52 % of the total variance was associated with mostly global shape modifications in relative hand width. In positive values of the PC2, the 4 th finger position coupled with the relative hand widening shifted itself more distally, accompanied by shortening of medial phalanges in relation to the total finger lengths and relative shortening of proximal and medial phalanges of the 5 th finger. Negative values of PC2 were characterized by narrowing of the hand with a concurrent increment of slope of the distal phalanges of the 4 th and 5 th finger radially and shifting of the whole 4 th finger more proximally. The scatter-plot of shape space PCA (Fig. 4) shows that the greater proportion of males was in the positive side of the PC2 axis, while for females the reverse was true. When being observed in the affine subspace of the shape space, the visualizations of shape differences on PCs are fairly similar to those of the whole shape space (Fig. 4 , second scatter-plot, middle row of grids). Affine or uniform components express those shape differences that can be characterized as uniform stretching or compressing the space in orthogonal directions. The affine changes leave parallel lines parallel and affect the local space precisely the same way everywhere, and thus the changes are considered global (Slice 2005, p. 30-31, for review) . When the shape change is affine, the proportional lengths of the parallel lines remain unchanged. Comparing the position of males and females on the plot of PC1/PC2 scores (Fig. 4) in the affine subspace (and also in the full shape space), it can be observed that male and female hands of an identical proximodistal shear level (e.g zero value on the PC1) differ in their relative width level (PC2) so that the female hand is relatively thinner. Centroids for males and females differed at a similar level on PC1 and PC2, female hands are on average relatively more thin and, at the same time, more proximally sheared on their ulnar sides. Shape variability in the non-affine subspace of shape space (Fig. 4 , third scatter-plot, lower row of grids) corresponded mostly to alterations in ratio between finger lengths. Shape changes in PC1 accounting for 25.37 % of the total variance described changes in the relative length of the 5 th finger, caused by variability in its proximal and middle phalanges, accompanied by changes in proximodistal position of the 3 rd and 4 th finger (given predominantly by the position of the metacarpophalangeal crease, i.e. the distal extent of a given metacarpal). PC2 accounting for 14.00 % of the total variance of non-affine subspace was associated with complex modifications composed of changes in relative width of the proximal and distal part of the studied region, accompanied by changes in proportions between lengths of the proximal and distal row of phalanges. Together with these changes, relative length of the 5 th and 4 th fingers to the remaining two fingers changed, which was accompanied by (or compensated with) an opposite change in the length of metacarpals: the longer the 5 th finger was, the shorter was the 5 th metacarpal (the less distal was the position of landmark 16). Scatter-plot of PC scores (Fig. 4) shows that, in the non-affine subspace, distributions of values for males and females completely overlapped.
Form space variability
Form space (size-and-shape space) represents shape space augmented by log CS. In form space, Pearson product-moment correlation coefficient between PC1 scores and log CS was 0.995 (p-value < 0.001), which means that shape variability represented by the PC1 corresponded almost entirely to the size of the hand. PC1 (Fig. 5 , first scatter-plot, upper row of grids) accounted for 48.80 % of the total variance of form space. In the PC1 direction there was a region occupied entirely by female specimens (35 cases, i.e. 20.71 %), a region of mixed specimens (92 cases, i.e. 54.44 %) and a region represented entirely by male specimens (42 cases, i.e. 24.85 %). Negative PC1 scores were occupied mostly by females, whereas males were located mainly among positive scores. Hence, shape variability in the PC1 effectively display the range of sexual dimorphism in the human hand as a function of size (allometry). It is evident that the variability in the overall hand shape related to hand size (PC1) were associated with changes in relative width of the distal half of the studied region-as its size increases, the distal part of the hand becomes wider.
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However, local shape variability in PC1 were also substantial and affected particular rows of phalanges with each row expressed in the total hand size differently. The larger the hand, the more important the contribution of middle phalanges of the 2 nd , 3 rd , and 4 th fingers. The larger the hand, the smaller the ratio of the length of the distal phalanx of the 2 nd finger to the length of the whole finger. Moreover, a small hand was linked to a tendency towards convergence of the distal phalanges of the 3 rd and 4 th fingers, which represented the overall tendency of small hands to incline (or even curve) the 2 nd and the 3 rd finger in the ulnar direction. Moreover, on large hands, bases of the 3 rd and 4 th finger are placed relatively closer to each other (landmarks 14 to 15) than each of them to the 2 nd and 5 th finger, respectively (landmarks 14 to 13 and 15 to 16). Variability represented by PC2 in form space closely resemble PC1 in shape space (compare Fig. 4) . In the affine subspace of form space (Fig. 5 , second scatterplot, middle row of grids), PC1 accounting for 62.24 % of the total variance of affine subspace and the Pearson product-moment correlation coefficient between PC1 scores and log CS was 0.996 (p-value < 0.001). Shape changes in affine subspace were represented by shear deformation of the radial and ulnar parts of the hand in the proximodistal direction, in the opposite direction for each of these parts. At the same time, in PC1 this shape change included narrowing/ widening of the relative hand width-hands characterized by a displacement of the ulnar part proximally are relatively narrower and vice versa. In the PC1 direction, the distributions of male and female specimens in the affine subspace were similar to that of full form space. Again, a relatively wide shape represented a large, i.e. male hand, while a thin shape represented a small hand, i.e. female hand. Shape variability associated with PC2 of the affine subspace of form space also described a shear deformation, and the shear was even more pronounced than in the PC1, while any substantial alterations in relative width of the hand were not evident. In non-affine subspace of form space (Fig. 5 , third scatterplot, lower row of grids), the Pearson product-moment correlation coefficient between PC1 scores and log CS was 0.999 (p-value < 0.001). Shape variability expressed by PC1 corresponded to that which was described for the full form space, except the relative width and shear changes. Variability represented by PC2 in the non-affine component of form space resembled variability on PC1 in the non-affine component of shape space (compare Fig. 4) . Comparing each sex separately in the affine subspace (and also in full form space), we can see (Fig. 5 ) that distributions for males and females are similar and have similar slopes that are (contrary to the pooled distribution) not strictly parallel to the x-axis. Moreover, distributions for males and females are shifted from each other more in the x-than in y-direction. A female hand of a particular relative width (e.g. zero value on the PC1) had a higher level of proximal shear (PC2) in its ulnar region than a male hand of identical relative width. In the non-affine subspace, the sexes differed only in their position on the PC1 but not on the PC2.
Size-adjusted shape space variability
Essentially, shape changes in the full size-adjusted shape space and both subspaces were very similar to the changes in the shape space (Fig. 4) and its respective subspaces, with the only difference that (after the same magnification) these shape changes were more pronounced. Therefore, variability of the human hand in size-adjusted (non-allometric) shape space are not displayed. While PC1 accounted for 44.66 % of the total variance PC2 accounted for 19.53 % of the total variance. Affine subspace also explained 99.94 % of the total variance of size-adjusted shape space. These shape changes represented mutual shifts of individual fingers in proximodistal direction combined with a change in relative hand width.
Correlations with the total shape space Affine component correlated strongly with the total shape space; in non-affine components, in contrast, the correlations are relatively moderate as the Pearson product-moment correlation coefficient reaches 5-times lower values. Of the non-affine components, only PC1 by form space PCA yielded a statistically highly significant correlation with the total shape (r = 0.995; p-value < 0.0001).
Linear discriminant analysis
Contrary to the PCA, LDA searches for a linear combination of variables which best separates defined groups, in our case males and females, to model differences between them. In all three morphometric spaces (shape space, form space, sizeadjusted shape space) and their subspaces, changes of the shape of the hand along the first discriminant axis (LD1) were very similar (Fig. 6 ). They differed, however, in the percentage of correctly classified cases. While in the form space the discrimination was high (the highest for the full space: 94.67 % of correctly classified cases according to sex, 94.29 % in females and 94.95 % in males); in the shape space and the size-adjusted shape space combined the overall classification rate was moderate and unbalanced if males and females were considered separately (72.88 % of correctly classified cases according to sex, 61.43 % in females and 80.98 % in males). LD1 shape differences between sexes essentially corresponded to those described above for mean male-to-female and mean female-to-male deformations. In the affine subspaces, the differences were characterized by shear changes accompanied with changes in relative radioulnar width. Female hand was thinner, with the more distal position of its radial side and the more proximal position of its ulnar side given by overall shear change. The male hand was wider, with a more proximal position of its radial side and a more distal position of its ulnar side given by overall shear change. It is worth noting that in non-affine subspaces, sex differences in the pattern of distal extent of fingertips corresponded to these sex differences in the affine subspace while sex differences in the pattern of distal extent of finger bases (landmarks 13-16) were exactly the opposite, i.e. a more distal position of ulnar side in females and more proximal in males.
Treating each rows separately
If the proportion of the affine and the non-affine components in each row separately was compared (Table 2) , the proportion of affine component was high in all four rows, while the proportion of the non-affine component was always small. Row 1 had the largest relative proportion of the affine component, while row 3 had the largest relative proportion of the non-affine component.
Comparing the x-and y-direction separately (Fig. 7) , the xdirection had a high proportion of non-affine component in the row 4 and has also high variability among cases, while in y-direction row 2 and 3 had a high proportion of non-affine component and also had a high variability. In row 1, the proportion of the non-affine component was low in both directions. In the x-direction, proportion of variance explained by nonaffine component differed in all pairs of rows except of the row 1 vs. row 2. In the y-direction, proportion of variance explained by non-affine component differed in all pairs of rows (Table 3) . PLS analysis targeted variability between defined blocks (configurations). In this particular case, the targeted variability included those between the overall shape and individual rows, and between all pairs of rows. When comparing the overall affine component with shape variability in separate rows by means of Pearson product-moment correlation coefficient (correlation of the two multivariate blocks by means of SW scores), rows 1, 3, and 4 correlated more strongly with the overall affine component than row 2 (Table 4 ). SW1 accounted for approx. 50 % of the total co-variance, SW2 accounted for approx. 23 % of the total co-variance. In SW1, all rows correlated strongly with each other when comparing affine components in pairs of rows (Table 5) . Visualization of multivariate correlations between rows of landmarks showed (Fig. 8 ) that all rows had strong ties to other rows, but each distal row sheared more on the ulnar side than its adjacent proximal row.
Tab. 4. Multivariate Pearson product moment correlation coefficients of overall affine component in shape space (SW1 and SW2) and each row.
Tab. 5. Comparison of affine components between each row by means of multivariate Pearson product moment correlation coefficients for SW1 and SW2. 
Major shape variability
The presented paper intended to shed light on the morphology of distal part of human hand studied in standardized position in the two-dimensional palmar projection. We tried to On the basis of obtained results, within recent adult Czech population sample, shape variability in the distal part of the human hand can be divided into three main "types" or "levels": 1) global uniform (affine) shape changes affecting the whole hand identically, 2) non-uniform shape changes common for a region of a specific row, non-respecting rays (for instance PC1 in non-affine subspace of form space, Fig. 5) , and 3) a non-uniform shape changes common for a specific ray (finger) or a pair of rays, non-respecting rows (e.g. PC1 of non-affine subspace of shape space, Fig. 4 ).
Affine shape change
In most biological objects, the distinction between the affine and non-affine component is just elegant math but without any reasonable/understandable biological explanation. The distal part of the hand, however, is not the case. Majority of shape variability of the distal part of hand represent shape modifications in which the hand is altered as a whole (the same-way everywhere), in spite of being separated into individual rays (fingers) and individual rows of the bones in them. We consider the prevalence of the total observed variability in shape of the human hand associated with a global uniform shape change, which is almost identical in every point of the distal hand, to be the most important finding. Major portion of this shape change is represented by almost pure shear in proximodistal direction, which leaves the Cartesian x-coordinate (width of hand) invariant and alters the y-coordinate by a translation that is a multiple of x-coordinate (Fig. 4 , changes in PC1 of affine subspace). We propose to name this essential aspect of hand morphological variability as hand proximodistal shear variability. Minor portion of affine shape variability is represented by almost pure change (strain change) in the ratio between proximodistal and radioulnar dimensions, i.e. the relative hand width (Fig. 4 , changes in PC2 of affine subspace). Affine variability always take place as combination of shear change (i.e. proximodistal shear change) and strain change (i.e. radioulnar expansion). The degree of variability covered by the affine component states in evidence, that distal part of human hand constitutes a structurally unifying system where position, size, and shape of each and every part is structurally interconnected with all the others. Thus we only need to know, theoretically, the coordinate system and the position of two points to be able to reconstruct position of all the remaining points in a hand, while leaving aside of non-affine shape variability. It is evident that the proximodistal position of all points on the finger depends on the position of the respective metacarpal bones to the same degree. For instance, when a metacarpal grows by 1 mm, all points lying distally on the respective finger (phalanges) would automatically move about 1 mm distally. The affine shear variability in the metacarpal row (specifically in the location of the metacarpal heads) would be sufficient for the distal region of the hand to be strongly interrelated in the sense of affine shear variability, without any need for variability in the fingers themselves. If this was the case, we would not have to explain the affine variability in the region of fingers, but the affine variability in the metacarpal row would still remain unexplained. Our results have shown that affine variability in the metacarpal row does not sufficiently explain the strong affine component of the hand. With the affine shear change in the distal hand region, an affine strain change (stretching/dilation), named radioulnar strain change, simultaneously occurs in the fingers themselves, i.e. changes in the relative length/width proportions that cannot be explained just by change in the metacarpal row. Affine changes in the fingers occur by themselves. It is therefore a change, where the shear and strain variability are intricately linked rather than a passive change in the position of fingers merely due to an affine change in metacarpals. Even this, however, is only part of the story. We tested how the rows of landmarks differed in their proportions of non-affine component of shape variability. If only the proximal region of the hand (represented by row 1; landmarks 13-16) caused the affine shear changes in the distal region of the hand, the proportion of the non-affine component should increase in the distal direction and it should be the highest on the fingertips (row 4). According to our results, row 1 is actually the least affected by the non-affine component. Row 4 has the second lowest proportion of the non-affine component in the direction of the x-axis (landmarks 1-4), which contradicts the assumption that the non-affine component increases in the distal direction. Moreover, rows in more distal positions (row 3 and 4) achieve greater correlation with the overall affine component than rows 1 and 2. Analysis of variability common for pairs of rows showed that each subsequent row is strongly tied to previous rows (Table  5) . Given the strong overall affine component in the whole hand, strong affine shearing change common in each pair of rows could be expected. The rate of shearing shared by both rows grows with distance between the two rows, i.e. shearing in row 1 corresponds to more pronounced shearing in row 2, to even more pronounced shearing in row 3 and most pronounced shearing in row 4. This means not only that all rows are strongly uniformly interconnected, but also that each subsequent distal row adds its own complement to the shearing of the proximal row (Fig. 8) .
The proximodistal shear variability is associated with large alterations in proximodistal extent of the fingertips and also in the digital formula, while the finger lengths (measured as distance from the fingertips to the centre of the metacarpophalangeal flexion crease-landmark distances 1-13, 2-14, 3-15, and 4-16), and therefore the finger length ratios, remain unchanged. The major variability in the digital formula are therefore played out as an affine change without needing to alter the digit ratios.
In terms of prevailing within-population variability, the digital formula is principally a different trait to the digit ratios. (Note:
The finger lengths in our model of hand proximodistal shear variability are not vectors oriented perfectly in the direction of the y-axis, but they slightly deviate in relation to the radioulnar position of a given finger and also its curvature, so the fingers are not perfectly parallel. Therefore even within affine shape change slight changes might appear in the finger length ratios.) It is also important to keep in mind that despite the overall prevalence of the affine component even when rows are considered separately, row landmarks in our study statistically differed in the proportion of variance (%) explained by affine and non-affine component. Variability between whole shape and the individual rows differed for each row, as well as the co-variance between individual rows when compared in pairs. Affine shape variability in the relative hand width (Fig. 4 , changes in PC1 of affine subspace) is significant mainly because it is dependent on size. A large hand is relatively wide in proportion to its length. This claim agrees with a general trend in hominids in which cross-sectional diaphyseal dimensions in weight-bearing skeletal elements increase with the body mass (e.g. Ruff 2000) . This relationship of a biological property (e.g. shape) with size is known as allometry which is regarded as a ubiquitous phenomenon in biology (reviewed shortly in Strauss 1993; Corruccini 1987) . Despite the fact the human hand is not directly used for locomotion for a long time in human evolution, it is similarly affected by the same principles. It might be regarded as a pleiotropic effect of genes which forms both hand and foot (Rolian et al. 2010 ).
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Non-affine variability Unlike affine component explaining the vast majority of the shape variability in our sample, non-affine component, seen as a change consistently affecting several landmarks of a row or a ray, or even all landmarks changing their positions simultaneously, but not uniformly (so-called global bending), in various directions, represented a minority. Still, it would be incorrect to consider the non-affine variability of the hand shape as unimportant.
One type of non-affine variability represents changes, which are due to a congruent change in one row region. We might therefore agree with previous studies claiming that hand bones of each row are mutually interconnected (Lewis 1996 (Lewis , 2001 ) and that bone length in each of the autopodium rows is probably influenced by separate genetic factors (Takai 1978) . Local changes linked to particular rows are associated with hand size (PC1 in non-affine subspace of form space, Fig. 5 ) and only this type of local (non-affine) shape changes correlates highly significantly with the total shape. Regarding the relationship between the size and non-affine variability, larger hands are represented by relatively longer middle row phalanges and a generally wider distal region of the hand (Fig. 5 , changes in PC1 of non-affine subspace). This is consistent with the theory that bipedalism evolved in an ancestor, whose locomotor pattern included a proportion of knuckle walking (Richmond et al. 2001, for review) . Elongation of the middle phalanx is one of the possible adaptations to knuckle-walking which in sum of all middle rows provides large area to reduce the pressure exerted to unit area and to increase stability of the locomotion (Richmond et al. 2001, p. 95) . In the visualization (Fig. 5 ) it is apparent, that the nonaffine size change concerns mainly the middle phalanges of the 2 nd , 3 rd , and 4 th fingers, i.e. those that are most loaded, but less in the 5 th finger. Nevertheless, it is clear that with the increasing size of the hand, the length of the fifth finger aligns with the other fingers and the middle phalanx approaches the proximodistal level of the middle phalanges of the other fingers. If it is demonstrated in future studies that these rowrelated non-affine shape variability correlates with size and weight variables of the human body, then this allometric dependence of the human hand could be considered another vestige of knuckle-walking in human evolution. In landmark rows 1, 2, and 3 in the direction of the x-axis (radioulnar), the proportion of non-affine components is generally low and similar in the order of magnitude (although the differences are still statistically significant). In row 4, it is substantially higher. This may be partly due to slight inconsistencies in standardizing hand position during scanning since each subject could have put his/her fingers together with different strength/pressure and intensity and unevenly between different fingers. Since the adduction/abduction of fingers takes place in metacarpophalangeal joints and change in the finger axis angle is identical for the whole finger, the effect of standardisation inconsistencies should continuously increase distally with the distance from the axis of rotation. Instead, we observed a significant increase in the proportions of the nonaffine component in row 4 only. It could therefore be a real biological phenomenon, resulting from the fact that the distal phalanx is distally free and not functionally tied to any adjoining element. Local changes which are much less related to the size variability are contrastingly represented by changes, which separate individual fingers, or more precisely each finger represents a separate unit of shape variability. On a small scale, these local changes affect both the digital formula and the finger ratios while, in contrast to the affine changes described above, they can change both at the same time to different degrees (see Fig. 4 ). Note also that each of the phalanges may contribute to the total finger length by a different amount, or even change in a direction opposite to the other phalanges. For instance, while the 3 rd finger relatively elongates (Fig. 4 , PC2 non-affine subspace), its distal phalanx becomes relatively shorter and contributes less to the total length.
Developmental context
During ontogeny the hand undergoes forelimb bud formation and outgrowth regulated by apical ectodermal ridge (AER) (Nissim -Tabin 2004, p. 148; Hu -He 2008 , for review), differentiation and separation of cartilaginous primordia of the five fingers, segmentation of the primordia trough interzones under the regulation of zone of polarizing activity (ZPA) and the creation of individual cartilaginous phalanges (Garn et al. 1975 ) and synovial joints connecting them (Zakany -Duboule 2007; Hu -He 2008) , a complex process of diaphyseal ossification (Mall 1906) , continuous and heterogenous prenatal (Malas et al. 2006 ) and postnatal growth (Hajniš 1970; Procház-ková et al. 1994; Trivers et al. 2006; Mayhew 2012) , cessation of growth with complex epiphyseal fusion pattern and skeletal maturation during puberty and adolescence (Garn et al. 1961) , and even further changes during adulthood (Harris et al. 1992) . Moreover, in various developmental processes substantial interindividual variability were observed. There is a wide scope and time for the action of various internal and external regionally specific or even disrupting factors that may affect hand shape. This process can occur differently in each person. Between the end of embryonic phase and adulthood, the size of the hand changes by two orders of magnitude (from several millimetres to several hundreds of millimetres), but the proportionality (shape) does not change nearly as dramatically. A common response when a person sees the hand of a human fetus for the first time is surprise at how "mature" it looks. Microscopic study (Garn et al. 1975) showed that despite the variety of developmental processes, proportions between lengths of phalanges and metacarpals approach nearly adult values already in embryos of 15-44 mm of crown-rump length (ca. day 55-68, hand length approx. 2 mm). Throughout the entire subsequent development it is still the human hand, only grows and, finally, becomes a hundred times larger. The general similarity of the fetal and adult hand proportions, however, does not exclude slight changes in the shape and proportions of the hand during development, as well as individual differences in these changes (cf. Králík et al. 2014 ).
Interpreting our results ontogenetically, we hypothesize that the strong uniform ties are caused by the action of AER during differentiation and outgrowth of the limb bud and finger enchondral primordia. Places formed approximately at the same time are located in the same proximodistal position and are congruously differentiated. During the subsequent development, these places probably react congruously in response to central regulatory factors (growth hormones, sex steroids etc.) and grow uniformly, or non-uniformly, but similarly in all people, in spite of the division of the hand into 19 separate growth units (metacarpals and phalanges). As a consequence, strong affine shape variability and strong ties between autopodial rows persist even into adulthood. Ray related variability are established through the individual reaction of individual fingers during and/or after their antero-posterior differentiation and separation of rays caused by the action of ZPA. Finally, non-affine shape variability located in individual bones might result in the process of ray segmentation. It should be noted, that the biggest local shape variability are localised in the proximal phalanx of the 5 th finger, which we consider to be closest to the embryonic ZPA of the entire studied region of the hand. Shape variability in this region are also least congruent with the global affine shape variability-this also applies to sexual differences.
Sexual dimorphism
The essence of sexual dimorphism of the shape of the human hand lies in pronounced uniform (affine) change. Part of this change is represented by the hand proximodistal shear variability where females are characterized by the distal position of the radial half of the hand and at the same time by the position of the ulnar part of the hand placed more proximally than in males. Another form of sexual dimorphism is also realized largely as an affine shape change-differences in relative hand width. This finding is in congruence with the knowledge from traditional anthropometry and metacarpal studies that sex differences (in percentages) in the hand and metacarpal widths are, on average, more pronounced than that in the hand and metacarpal lengths (e.g. Khanpetch et al. 2012) . Dimorphism in relative hand width can be partly explained by allometry, since the size of the hand is correlated with changes in relative hand width-large hands (regardless of sex) are relatively wider. Female hand is relatively thin and the male hand is relatively broad. This corresponds to the results from traditional morphometry for the hand index (e.g. Pospíšil 1959; Bláha et al. 1986; Imrhan et al. 1993) . Dimorphism in hand width and the hand index has been recorded even in newborns (Procházková et al. 1994) . Although the entire hand (in both males and females) during the postnatal period becomes relatively narrower (due to more intensive growth in length than in width), the difference in the relative width between males and females persists and even increases in puberty. An important aspect of hand sex dimorphism is the fact, that the sex-related differences result from both affine changes, the hand proximodistal shear change and radioulnar strain change in relative hand width-as the ulnar side of the hand is sheared more distally, it becomes relatively wider. As females are smaller and on average they have smaller hands (thinner hands), the extent of the shift is greater than in males. However, this shear-strain relationship does not explain all dimorphism of the shear type. The ulnar part of the female hand is more sheared in the proximal direction than a male hand of the same relative width. This change is associated with a difference between the sexes in the digital formula as described in previous studies. Other aspects of sexual dimorphism in the human hand are rather localized. Underlining differences in various regions of hand, the local differences are mostly limited to a single or several phalanges in a single row. In terms of whole fingers, visualizing LDA in non-affine subspace (Fig. 6) showed that these sex differences represent mainly changes in length proportions between the fingers. The changes in these length proportions chiefly affect the 2D:4D ratio. In LDA results, the non-affine sex differences in the proximal ulnar area of the studied hand region have the opposite effect compared to affine sex differences. According to the generally accepted model of mammalian sexual development, sex-related development of genitals, brain, and body (including the hand) is mediated by organizational effect of prenatal sex hormones from developing gonads (Blecher -Erickson 2007, for review Manning 2012) , fingers and individual phalanges are separated completely. It is assumed, that interactions between the homeobox genes (HOXa and HOXd, which are involved both in the formation of the external genitals and the fingers; Kondo et al. 1997 ) and the sex specific levels of steroid hormones lead to the emergence of sexual dimorphism in both genitals and finger length ratios (Manning 2012 , for review)-non-affine sex differences in our approach, which have been reported already in prenatal period (Malas et al. 2006; Galis et al. 2010) . However, prevalence of the affine components in the sexual dimorphism of the human hand (and hence variability in digital formula) can hardly be explained by an organizational effect of prenatal sex hormones. The activity of AER, epithelial structure responsible for regulating distal outgrowth of the forelimb, falls before differentiation of the gonads and long before the peak of prenatal production of the sex steroids. Sex differences at this time would have to be directly caused by the sexual differences in genes encoded on the sex chromosomes.
A number of studies has demonstrated the existence of sexual dimorphism in human embryos before gonadal differentiation and hence independence on the hormonal environment (Blecher -Erickson 2007, for review) , which led to formulation of a revised model of mammalian sexual differentiation (Arnold 2009 ). According to this model, genetic factors from sex chromosomes and hormonal factors interact synergically to increase sex differences or counteract to decrease them. It is possible that the differences we found between the affine and non-affine component of hand sexual dimorphism reflect different action of genetic and hormonal factors affecting differentiation of the hand during different stages of embryogenesis. The legitimacy of this interpretation could be confirmed, for instance, by comparing the affine components of hand shape variability between individuals with different aberrations of sex chromosomes. We believe that the human hand can be understood as a morphological "palimpsest" written by several stages of morphogenesis. Geometric morphometrics might be suitable for recognizing these stages in the hand morphology by extraction of shape variability at different scales and analysing their mutual interconnections. Quantification of these shape variability might be suitable for investigating factors and processes (e.g. gradients in the developing hand identified by molecular geneticists, cf. Mayhew 2012) that participate in hand differentiation not only in pathology studies but also within the normal range of variability.
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